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ABSTRACT: We present Rh2Cd15, the first binary compound
in the Rh−Cd system. It is based on transition-metal-
embedded (Rh@Cd11 and Rh@Cd12) endohedral Cd clusters
that are single- and double-capped IC10 composite icosahedra/
cubes. We demonstrate the structural connections between the
clusters. On the basis of the analysis of atomic interactions and
electron counting, 50 electrons per Rh2Cd15 is postulated to be
the boundary between bonding and antibonding interactions.
This understanding is supported by electronic structure
calculations showing that the electron count for Rh2Cd15 (48
electrons per Rh2Cd15) is located close to a deep pseudogap in the electronic density of states at 50 electrons per formula unit,
which we postulate is an important factor in determining the new compound’s stability.

■ INTRODUCTION
Among the late transition metals, cadmium (Cd) has been
widely studied both experimentally and theoretically. Exper-
imentally, it forms diverse, complex crystal structures ranging
from NaCd2 (Samson, 1962) and Cu4Cd3 (Samson, 1967) to
quasicrystals such as RECd∼6 (RE = rare earth).1−5 Cd has
more localized d electrons (in a closed 4d shell) than other
transition metals in the same period, leading to intriguing
chemical and physical properties, such as low melting points
and structural anomalies.6 Cd’s diagonal relationship with Tl in
the periodic table inspired us to look for new compounds based
on its moderate electronegativity, as well as for the possibility
that it might form compounds based on Cd clusters or
polymeric frameworks analogous to (Tl)n

n− in NaTl.7 Many
Zintl-like8 compounds are known for binary alkali-metal−Cd
solid-state systems. In LiCd,9 for example, the Cdn clusters use
the electrons donated from the electropositive alkali metals to
satisfy valence requirements. How the electrons are transferred
in Cd-rich binary phases of transition metals (T) with cadmium
is not as obvious, however, due to the similar elecronegativities
for late transition metals and cadmium.10,11 Structurally, Cd
atoms are known in multiple RE−T−Cd (T = transition metal)
systems to form Cd4 tetrahedral clusters, along with octahedral
(Cd6), icosahedral (Cd12), and dodecahedral (Cd20) clusters,
analogous to those found in zinc chemistry.12,13

On the basis of these observations, we have looked for and
found the new binary endohedral cluster compound Rh2Cd15
and measured its magnetic and electrical properties. Our
molecule-based electron-counting rules and electronic structure
calculations show that the electron count per cluster is close to
one that separates bonding and nonbonding from antibonding
orbitals, yielding from the electronic structure perspective a
Fermi level for Rh2Cd15 that is close to a pseudogap in the
electronic density of states (DOS). We argue that this is an

important factor influencing its chemical stability. We show that
the Rh in Rh2Cd15 is found in endohedral icosahedral clusters
and quasi-regular endohedral 11-fold clusters that can be
considered as double-capped and single-capped IC10 (half-
icosahedron and half-cube) composite clusters.14,15

■ EXPERIMENTAL SECTION
In the initial search for a new compound on the basis of these ideas,
loading compositions of T3Cd97 (T = Fe, Ru. Co, Rh Ir, Pd, Pt) were
employed, using starting materials of greater than 99.9% purity.
Samples of 1 g total mass were sealed into evacuated (<10−5 Torr)
SiO2 glass tubes and heated to 600 °C for 24 h at 1 °C/min, followed
by cooling to 400 °C at 3 °C/h. They were annealed at 400 C for 2
days and then spun in a centrifuge at 3000 r/s for 10s. In such a
process, the loading composition of Rh3Cd97 gave the new compound
Rh2Cd15; remnant Cd flux was a minor impurity. The single crystals
are sliver, shiny, layered pieces (∼5 mm × 5 mm × 1 mm). Analogous
cluster compounds based on (Fe/Ru/Co/Ir/Pd/Pt)3Cd97 reacted
using the same procedure were not found; Ni3Cd97 yielded only the
known compound NiCd5.

16

Single-crystal diffraction data were measured on the resulting Rh−
Cd crystals using a single-crystal diffractometer, with the experimental
apparatus, refinement, and image rendering programs as described
elsewhere;17 the specific experimental conditions employed are
presented in Table 1. All samples used for physical property
measurements were examined by powder X-ray diffraction using
apparatus previously described;17 in specific, 1 s counting per step was
employed, in a rotation mode, for 2θ ranging from 5 to 110°. The
measured magnetization M (Quantum Design, Inc. Dynacool) was
linearly proportional to H for fields up to 90 kOe for 1.8−300 K, and
thus the magnetic susceptibility was defined as χ = M/H at H = 2 kOe.
The electrical resistivity was measured in the PPMS and a homemade
system from 0.1 to 300 K. The electronic structure (density of states
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and band structure) of Rh2Cd15 was calculated using the program
WIEN2k, with spin orbit coupling included, as described elsewhere.18

The crystal structure determined experimentally in this study was used.
Specifically, in this case, the conjugate gradient algorithm was applied
with an energy cutoff of 350 eV. Integrations were performed for a 4 ×
2 × 4 Monkhorst−Pack k-point mesh using the linear tetrahedron
method. The calculated total energy converged to less than 0.1 meV
per atom.

■ RESULTS
Crystal Structure of Rh2Cd15. The results of the single-

crystal X-ray diffraction characterization of the crystal structure
of Rh2Cd15 are summarized in Tables 1 and 2. Since Rh and Cd
have close atomic numbers (i.e., electron counts) and mixed
site occupancies are possible in Cd-rich phases, different
models were tested; the statistical agreements were evaluated
using the Hamilton test.19 Because the lattice parameters a and

c are similar, twinning refinements were applied for the
structural determinations. In spite of these considerations, the
final refinement of the diffraction data proceeded smoothly to
very good agreement indices with a clear indication of the
structure and formula of the new compound. The structure of
Rh2Cd15, a previously unreported structure type, is shown in
Figure 1. It is monoclinic, in space group P21/n (S.G. 14). It has

Table 1. Single-Crystal Crystallographic Data for Rh2Cd15
Phases at 273(2) K

refined formula Rh2Cd15
formula wt 1891.82
space group; Z P21/n (No. 14); 4
a (Å) 8.5854(2)
b (Å) 19.2299(5)
c (Å) 8.6025(2)
β (deg) 108.406(1)
V (Å3) 1347.59(6)
abs cor numerical
extinction coeff 0.00064(2)
θ range (deg) 2.715−33.155
hkl ranges −13 ≤ h ≤ 12

−28 ≤ k ≤ 29
−13 ≤ l ≤ 13

no. of rflns; Rint 22368; 0.0305
no. of indep rflns 5151
no. of params 155
R1; wR2 (all I) 0.0352; 0.0550
goodness of fit 1.112
diffraction peak and hole (e/Å3) 1.532; − 3.286

Table 2. Atomic Coordinates and Equivalent Isotropic Displacement Parameters of Rh2Cd15
a

atom Wyckoff occupancy x y z Ueq

Rh1 4e 1 0.7630(1) 0.8182(1) 0.5784(1) 0.0080(1)
Rh2 4e 1 0.7678(1) 0.5582(1) 0.5774(1) 0.0086(1)
Cd3 4e 1 0.4431(1) 0.5464(1) 0.6164(1) 0.0180(1)
Cd4 4e 1 0.8587(1) 0.6870(1) 0.4596(1) 0.0171(1)
Cd5 4e 1 0.9399(1) 0.6820(1) 0.1166(1) 0.0155(1)
Cd6 4e 1 0.8006(1) 0.8173(1) 0.2534(1) 0.0158(1)
Cd7 4e 1 0.5901(1) 0.6920(1) 0.0506(1) 0.0146(1)
Cd8 4e 1 0.0908(1) 0.5676(1) 0.5307(1) 0.0159(1)
Cd9 4e 1 0.7248(1) 0.5716(1) 0.9019(1) 0.0163(1)
Cd10 4e 1 0.3956(1) 0.5598(1) 0.9775(1) 0.0155(1)
Cd11 4e 1 0.1564(1) 0.5464(1) 0.6164(1) 0.0180(1)
Cd12 4e 1 0.0424(1) 0.5847(1) 0.8518(1) 0.0188(1)
Cd13 4e 1 0.6386(1) 0.6869(1) 0.6647(1) 0.0174(1)
Cd14 4e 1 0.0005(1) 0.7362(1) 0.8173(1) 0.0180(1)
Cd15 4e 1 0.5016(1) 0.6107(1) 0.3254(1) 0.0189(1)
Cd16 4e 1 0.7327(1) 0.8081(1) 0.9048(1) 0.0146(1)
Cd17 4e 1 0.7873(1) 0.5548(1) 0.2483(1) 0.0176(1)

aUeq is defined as one-third of the trace of the orthogonalized Uij tensor (Å
2).

Figure 1. Crystal structure of Rh2Cd15. (a) Rh2Cd15 crystallizes in a
monoclinic structure with space group P21/n (S.G. 14). (b) This view
(along b) emphasizes the three-dimensional (3D) packing of the
clusters. (c) This view emphasizes the endohedral clusters (red, Rh@
Cd11 cluster; blue, Rh@Cd12 cluster) in Rh2Cd15 and how they are
joined. Rh@Cd11 clusters share edges to form chains along the a axis,
while Rh@Cd11 clusters and Rh@Cd12 clusters share edges in a zigzag
pattern along the b axis. (d) This view (perpendicular to the c axis)
emphases the three-dimensional (3D) packing of the clusters with the
a axis chains and b axis zig-zags emphasized.
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two kinds of endohedral clustersRh@Cd12 and Rh@Cd11.
15

The first is an icosahedral cluster of Cd with a transition-metal-
atom center, and the second is a single-capped 10-coordinated
(IO10) polyhedron of Cd around a transition-metal atom
(Figure 2). The icosahedral clusters are analogous to Na@Zn12
in NaZn13 or Co@Zn12 in CoZn13.

20,21 In a previous study of
V8Ga41-type Ir8Cd41, the structural building blocks are Ir@Cd10
clusters.22 The Rh@Cd11 cluster does not appear to occur in
any previously reported Cd-rich compound.

The overall structure of the new compound differs from
those previously reported (Figure 1). The Rh@Cd11 clusters
share edges with other Rh@Cd11 clusters to make chains along
the a axis and in groups of 2 + 2 share edges with icosahedral
Rh@Cd12 clusters in a zigzag pattern along the b axis. In this
manner, the building blocks form helices along the b axis in the
monoclinic cell. The helices are then stacked in distorted-
hexagonal packing to form the overall structure, as shown in
Figure 1c.

Figure 2. Relationships among IC10, IC11, and icosahedral clusters. The IC10 cluster is argued to be a combination of parts of an icosahedron and a
cube (IC10 = icosahedron/cube, 10-vertex). The IC11 cluster observed in Rh2Cd15 can thus be regarded as a single-capped IC10 cluster, and the
icosahedral cluster observed in Rh2Cd15 (and in other compounds) can be regarded as a double-capped IC10 cluster.

Figure 3. Characterization of the physical properties of Rh2Cd15. (a) Temperature-dependent electrical resistivity of Rh2Cd15 between 2 and 300 K.
Metallic behavior is observed. Insert: magnetic field dependence of the resistivity of Rh2Cd15 at T = 100 mK. (b) Temperature dependence of the
magnetic susceptibility of Rh2Cd15 from 2 to 300 K. Insert: M(H) measured at 2 K with applied magnetic field from 0 to 9 T.

Figure 4. Molecular and band structure perspectives of the electronic structure of Rh2Cd15. (left) Scheme addressing the electron-counting rules in
Rh2Cd15 from a molecular perspective (middle) Total density of electronic states (DOS) and Rh partial density of electronic states as a function of
energy near the Fermi energy (E = 0) obtained from DFT calculations implemented in the Vienna ab initio simulation package with spin−orbit
coupling (SOC) included (black line, total DOS; blue line, Rh-DOS; black dots, EF for Rh2Cd15; pink bar, bonding/antibonding boundary) (right)
The corresponding energy dispersion of the bands in selected directions in the monoclinic Brillouin zone.
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The Rh@Cd11 cluster is unusual. A compound polyhedron
viewpoint has been proposed for interpreting complex irregular
clusters.14,22 A compound polyhedron can be considered as the
union of two or more fragments made from simpler polyhedra.
In the structure of MnAl6, for example, the polyhedral Al cluster
around Mn has been described as half an icosahedron sharing
four vertices with two squares that may be regarded as parts of a
cube. The Mn@Al10 cluster, shown in Figure 2, is thus called
IC10 (I, icosahedron; C, cube; 10 vertices).15 In comparison to
the IC10 Mn@Al10 cluster, the Rh@Cd11 cluster is single-
capped IC10this is illustrated in Figure 2.
Elementary Electronic Properties of Rh2Cd15. We

characterized the electrical properties of Rh2Cd15 to low
temperatures. The resistivity measurements (Figure 3a)
indicated that Rh2Cd15 is metallic. This is consistent with the
electronic structure calculations described below. The relatively
small temperature-independent molar magnetic susceptibility,
−5 × 10−4 emu/mol formula unit, shown in Figure 3b, is
dominated by core diamagnetism. This indicates that the
conduction electrons’ paramagnetic contribution to the
susceptibility is small. No superconductivity was observed
above 0.1 K.
Molecular Perspective on the Cd Clusters and

Electronic Structure of Rh2Cd15..
23,24 A schematic elec-

tronic structure for Rh2Cd15 (one formula unit), on the basis of
a molecular perspective of Cd clusters, is shown in Figure 4
(left). Ten d orbitals contribute to the electronic system by the
2 Rh atoms, while the 15 Cd atoms contribute 15 Cd s orbitals.
The multiple Rh−Cd contacts present result in strong
interactions within the clusters. In this scheme, a minimum
of 15 Cd levels is needed to make up the 25 occupied orbitals
per Rh2Cd15 unit. For Rh2Cd15, then, the electron counting
yields (2 × 9e /Rh) + (15 × 2e/Cd) = 48 e/Rh2Cd15. Twenty-
four bonding orbitals in the cluster should therefore be fully
occupied by electrons, and the Fermi level should be located
close to a gap or pseudogap in the DOS. We argue that the
cadmium clusters here are analogues to gallide/borane clusters,
following the same rules for the number of skeletal electrons
needed for stability. The formation of bonds to other clusters
and the distortion of the clusters away from ideal deltahedral
symmetries (such as for the Cd12 icosahedral cluster) may also
contribute to the stability of this compound. From this view,
the Rh@Cd11 clusters share more vertices (8) than the Rh@
Cd12 clusters (6) to stabilize Rh2Cd15.
To test whether electron-counting rules assuming a simple

molecular picture work for Rh2Cd15 when it is considered as a
nonmolecular solid, the electronic structure of Rh2Cd15 was
calculated by WIEN2k. Interestingly (Figure 4, center), the
Fermi level (48 valence electrons per Rh2Cd15) is located close
to the deep pseudogap (25 bonding orbitals) in the DOS,
consistent with our molecular scheme. The electronic structure
is described in more detail by WIEN2k: the valence and
conduction bands barely cross, at different wave vectors in the
Brillouin zone, at the Fermi energy (Figure 4, right). Most of
the DOS between −3 and +1 eV of the Fermi level comes from
the Rh 4d orbitals; below −3 eV a combination of Rh and Cd
5s orbital contributions is found, and Cd 4d orbitals create a
narrow band located ∼7−10 eV below the Fermi level. Analysis
of the crystal orbital symmetry and character for Rh2Cd15 was
performed using semiempirical extended Hückel theory25 with
Caesar 2.0.26 The atomic interactions show that on increasing
the number of electrons above 48 e per Rh2Cd15, the
antibonding interaction between Cd and Cd becomes stronger

and stronger, which may be the factor that results in the Fermi
level occurring at 48 e rather than 50 e, the deep pseudogap in
the DOS.

■ CONCLUSION
Rh2Cd15, the first binary phase in the Rh−Cd system, is
reported. It was structurally, electrically, and magnetically
characterized and analyzed by molecular orbital and electronic
structure calculations. It is a diamagnetic, nonsuperconducting
(above 0.1 K) material. The stability of the structure can be
understood by simple molecule-based electron-counting rules,
and a molecule-based understanding of the electronic structure
is shown to be consistent with the more detailed view obtained
from electronic structure calculations. We describe the
structural relationships among the composite endohedral
clusters in Rh2Cd15 and demonstrate the existence of the
single-capped IO11 composite endohedral cluster Rh@Cd11.
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